Introduction
The Forkhead box (Fox) family of transcription factors contains more than 100 members, which can be divided into 19 subclasses based on phylogenetic analysis (from FOXA to FOXS). 1, 2 The Fox genes originated in unicellular organisms, and during evolution, the family expanded through multiple duplication events. Fox genes are present exclusively in animals and fungi, but not in plants. 3 Fox transcription factors can directly activate or repress gene transcription, or function through interacting with other transcription factors to affect gene regulation. Fox family proteins have acquired distinct as well as cooperative functions involving regulation of many key biological processes. 4 For instance, FOXA transcription factors function in organ development; 5 FOXC1 and FOXC2 play roles in cardiovascular development; 6 FOXP2 exhibits a unique role in humans where it is required for language acquisition, 7 while FOXP3 is a key regulator of the immune system response and is also involved in cancer. 8 The class O subfamily (FOXO) proteins have been identified in many species, including C. elegans, D. rerio, D. melanogaster, G. gallus, mouse, and human. 9 There are 4 mammalian FOXO proteins: FOXO1 (FKHR), FOXO3a (FKHRL1), FOXO4 (AFX), and FOXO6. The first 3 members are regulated by the PI3K/Akt pathway, 10, 11 and are ubiquitously expressed, although the expression level of each protein varies significantly in different organs or tissues. 12 This review focuses on FOXO3a, which is highly expressed in liver and brain, and was identified through cDNA library screening and localized to chromosomal region 6q21. 13, 14 Chromosomal rearrangements occurring in some leukemias result in the production of a chimeric protein in which FOXO3a is fused to MLL. 13 Although there is a degree of functional redundancy within the FOXO subfamily, FOXO3a exhibits some unique roles. 15 FOXO3a knockout mice are viable, but females show age-dependent infertility. 16 Recent biodemographic studies have established a strong relationship between FOXO3a genotype and human longevity in diverse human populations, including Hawaiian men of Japanese ancestry, 17 German, 18 Italian, 19 Han Chinese, 20 and Ashkenazi Jewish peoples, 21 while no such correlation has been revealed for FOXO1, FOXO4, or FOXO6. 22 FOXO3a has been established as a bona fide tumor suppressor, and inhibition of FOXO3a by abnormally activated Akt has been implicated in leukemia, liver, breast, and prostate cancers. [23] [24] [25] Deletion of somatic FOXO genes in mice resulted in cancerprone phenotypes, with increased incidence of thymic lymphomas and hemangiomas. 16 FOXO3a regulates the expression of genes involved in apoptosis, cell cycle arrest, cell differentiation and stress resistance, 26 including Bim, PUMA, cycling G2, p27, and Manganese-Superoxide Dismutase. [27] [28] [29] [30] [31] Several oncogenic pathways negatively modulate FOXO3A activity, including the IKKb, ERK and PI3K/AKT signaling cascades. 29, [32] [33] [34] [35] [36] Conversely, in some colon cancer cells, FOXO3a plays a role in the development of cisplatin drug resistance. 37 Further, in chronic myelogenous leukemia (CML), activated FOXO3a protects leukemia initiation cells against Imatinib treatment, possibly through its function in stress resistance. 38 Moreover, FOXO3a has diverse roles in response to a variety of stimuli and dysregulation of FOXO3a is related to the development of several types of disease. 39 In addition to in vitro and in vivo functional studies, structural information obtained from biochemical and structural characterization is critical to developing a more comprehensive understanding of the functional versatility of FOXO3a. 40 FOXO3a is particularly rich in intrinsically disordered regions (IDRs), which lack well-defined 3D conformations, but may transiently sample multiple conformations. As much as 75% of the sequence is predicted to comprise IDRs, thus FOXO3a is considered to be an intrinsically disordered protein (IDP). [41] [42] [43] [44] Because IDRs do not form a rigid structure, IDPs are remarkably versatile and many can form distinct interactions with other proteins in response to different cellular signals. The IDRs of FOXO3a execute many important functions, such as signal integration and mediating protein-protein interactions. In this review, we discuss the current understanding of the diverse functions of the FOXO3a IDRs, and their roles in diseases, as well as biochemical and biophysical studies of the structurally ordered and disordered domains of FOXO3a that are elucidating the structure-function relationship of this multi-functional protein.
Domain Architecture of FOXO3a
All Fox proteins have a conserved forkhead (FH) DNAbinding domain of about 100 residues and one or more transactivation domains (TADs), while other parts vary in length and sequence among different subfamilies (Fig. 1) . Human FOXO3a is a 673-amino acid protein with a N-terminal FH domain that comprises a winged-helix fold. Based on primary sequence analysis, 45 the rest of FOXO3a is predicted to be highly disordered, although these IDRs contain 3 regions (CR1-CR3) conserved among the class O subfamily (Fig. 2) that have been reported to comprise the TADs.
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The overall conformation of FOXO3a thus resembles a rigid "head" followed by a flexible "tail."
The forkhead DNA-binding domain The FH DNA-binding domain is the key feature of the Fox family proteins. The crystal structure of FH domain exhibits a "winged-helix" motif, with 3 a helices and 2 large disordered loops that resemble the wings of a butterfly. 49 The FH domain of FOXO proteins has a unique "GDSNS" 5-residue insertion relative to members of the other Fox subfamilies, which makes FOXO the most divergent Fox subfamily. 40 All FOXO FH domains recognize a consensus DNA sequence motif, 5 0 -(G/C/A) (T/C/A) AAA(T/C) A-3 0 , named Forkhead response element (FRE). 50 Much effort has focused on determining structures of FH domain, and many solution and X-ray structures of the FH domains of FOXO proteins alone or in complex with DNA have been determined. 41, [51] [52] [53] [54] The FH domain of FOXO3a possesses 3 stacking major a-helices (H1-H3), an antiparallel b-sheet comprising 3 b-strands, and 2 large unstructured wings (W1, W2). The 5-residue insertion partially overlaps a short fourth helix H4, which is poorly defined in the solution structure, with boundaries that vary among different conformers (Fig. 2) . 41 The FOXO3a FH domain binds the double-stranded FRE DNA motif through extensive contacts involving the perpendicular insertion of helix H3 into the major groove, as well as interactions with the C-terminal region, which forms a coil structure. In addition, Wing 1 interacts with the phosphate backbone of the DNA. 52 Biochemical characterization of longer FH constructs showed that the N-terminal flexible region contributes to DNA binding, although this region was not present in the constructs used in structural studies. 55 The overall structure of the FH domain does not exhibit substantial changes upon DNAbinding.
The intrinsically disordered regions
IDRs are particularly abundant in proteins involved in gene transcription and translation, as well as signal transduction. 42 Mammalian Fox transcription factors are generally large, with a high content of IDRs (over 30%), and most, if not all, TADs of Fox transcription factors are predicted to reside in IDRs (Fig. 1) . The transcription factor FOXO3A contains extensive IDRs, however the elucidation of structural information about these regions has lagged behind that of the more extensively studied FH domain. Newly developed paradigms in biochemical methods have enabled the characterization of IDRs, and the IDRs of FOXO3a have come to light with increasing recognition of their functional importance. Within the IDRs, the conserved regions CR1-CR3 are unstructured in solution, but have the propensity to form helical structures, as evidenced by circular dichroism (CD) spectra. 41, 48 CR1 is a Proline-rich region, and CR2 contains 3 short separated segments (CR2A, B, and C). The CR2C and CR3 regions contain FxxFF motifs, and were identified to be the TADs (Fig. 2) . [46] [47] [48] We previously showed that within the FOXO3a molecule, the FH and CR3 domains engage in a low affinity intramolecular interaction. Furthermore, we used NMR titrations to map the CR3-binding site on FH to a region comprised of the N-terminal loop, H1 and H3, which overlaps with the DNA binding site. 41 Thus the FOXO3a molecule exists in a "closed" conformation, in which both the DBD and TAD are partially autoinhibited. However, competition assays revealed that FRE DNA disrupts this intramolecular interaction, displacing CR3 from FH, thus making CR3 accessible to the transcriptional coactivator and facilitating transcriptional activation. 56 We speculate this intramolecular interaction sequesters both CR3 and FH from non-specific interactions. The precise sequence of the IDRs that link the conserved motifs is not well conserved in FOXO proteins, but the presence of long linkers is conserved in all mammalian FOXOs through evolution. We found that the length of the linker between CR2C and CR3 influenced transcriptional activation. 48 
Post-Translational Modifications
FOXO3a plays pivotal roles in cell fate determination, and it has been implicated in opposing outcomes. FOXO3a receives signals from a variety of cellular stimuli, including growth factors, metabolic stress, and oxidative stress, and transduces these signals to responses that modulate protein-protein interactions and the spatial and temporal expression of genes, resulting in either apoptosis or protective cell growth arrest. 57, 58 These processes are precisely regulated by reversible post-translational modifications (PTMs), including phosphorylation, acetylation, and ubiquitination. These reversible PTMs can have additive or competitive effects on the stability, subcellular localization, DNAbinding, and/or transactivation functions of FOXO3a ( Table 1) . 59 The IDRs of FOXO3a are enriched in sites of PTMs. Compared with structured domains, the flexibility and conformational plasticity of IDRs confer accessibility to PTM enzymes, thus many PTMs occur preferentially in IDRs. [60] [61] [62] The long FOXO3a IDRs (»500 a.a.) incorporate a large number of PTM sites, and each molecule can be modified simultaneously at multiple sites. Intricate integration of these multiple PTMs confers high-fidelity FOXO3a responses. The combination of various PTMs is critical to the function of FOXOs, thus this phenomenon has been described as the "FOXO code" akin to the "histone code" that integrates multiple PTMs of histone proteins to regulate chromatin structure. 15 Phosphorylation FOXO3a is predominantly regulated by Akt phosphorylation, which affects its subcellular localization. Activation of the PI3K pathway is triggered by many stimuli, including insulin, insulin like growth factor, epidermal growth factor and erythropoietin, which lead to activation of the downstream protein kinase Akt, 9 which in turn inactivates FOXO3a by phosphorylating 3 conserved sites in the IDRs, T32, S253, and S315. Phosphorylated T32 and S253 form binding sites for 14-3-3 proteins, which facilitate nuclear exclusion of FOXO3a, thereby blocking its role in transactivation. 34 Furthermore, phosphorylation of S253 and 14-3-3 binding in close proximity to the FOXO3a FH domain disrupt DNA-binding, further down-regulating its transcriptional activity. 63, 64 Serum and glucocorticoid-regulated kinase (SGK) is also activated downstream of PI3K, and directly phosphorylates FOXO3a at sites overlapping those recognized by Akt. Both Akt and SGK phosphorylate T32, but SGK exhibits a preference for S315 whereas Akt phosphorylates S253 more efficiently. 65 Phosphorylation of S315 'primes' FOXO3a for further phosphorylation by Casein kinase 1 (CK1), which is dependent on Akt/SGK-phosphorylation and has the effect of accelerating cytoplasmic sequestration. 66 Dual Specificity Tyrosine Phosphorylated and Regulated Kinase 1A (DYRK1A) has been shown to phosphorylate FOXO3a and contribute to the cytoplasmic translocation as well. 67 Phosphorylation-induced cytoplasmic translocation involves the binding of RanGTPase and CRM1 to a nuclear export sequence (NES) found in the IDRs of FOXO3a. 68 Alternatively, phosphorylation of certain sites can induce nuclear translocation of FOXO3a. Phosphorylation of FOXO4 by JNK results in nuclear localization, 69 and although these phosphorylation sites are not conserved in FOXO3a, JNK regulates FOXO3a in a phosphorylation-independent manner by shuttling it in and out of the nucleus. 70, 71 Recent studies have revealed that phosphorylation of FOXO3a by mammalian sterile 20-like kinase 1 (MST1) disrupts the binding of 14-3-3, allowing FOXO3a to translocate back into the nucleus. 72 In addition to regulating subcellular localization, phosphorylation of FOXO3a IDRs can also affect other functions. For instance, AMPK phosphorylation of FOXO3a enhances its transcriptional activity without altering subcellular localization or DNA binding. 73 Erk and Ikkb phosphorylation of FOXO3a trigger its degradation. 74, 75 The phosphorylation of FOXO3a is reversible, and PP2A has been identified as a protein phosphatase that dephosphorylates FOXO3a. 76 Many anti-cancer drugs (e.g. cisplatin and melatonin) induce FOXO3a dephosphorylation.
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Acetylation The transcriptional function of FOXO3a is also modulated by acetylation. The transcriptional coactivator CBP and its closely related paralog p300 (CBP/p300) possess histone acetyltransferase (HAT) activity that acetylates histone tails resulting in chromatin remodeling, and can modify non-histone proteins as well, including FOXOs and other transcription factors. [79] [80] [81] Acetylation of FOXO3a by CBP/p300 reduces DNA binding, thus resulting in negative feedback, 77, 82 while phosphorylation of T32 by erythropoietin or stem cell factor (SCF) abolishes acetylation. 80 CBP/p300 acetylation sites are within or close to the FH domain ( Table 1) . Structural studies of FOXO3a and FOXO1 indicated that acetylation of these conserved Lys residues decreases the affinity of FH for DNA, thus reducing transcriptional activity. 52, 53, 83 However, other studies suggest that acetylation of FOXO3a can enhance transcription of a specific group of genes. 84, 85 Therefore, the dual role of CBP/p300 as both transcriptional coactivator and PTM enzyme is essential in regulating FOXO3a transcription. Similar to phosphorylation, FOXO3a acetylation is reversible: Histone deacetylases (HDACs), Sirt1 and Sir2, catalyze the removal of acetyl groups from sites modified by CBP/p300. 86, 87 Sirt1 binds FOXO3a through the LXXLL region of CR2C, 88 and the effects of deacetylation are gene and cell-type specific, either enhancing or reducing FOXO-dependent transcription. 68, 84, 85 In general, acetylation of FOXO3a is presumed to promote cell survival, 89 while deacetylation by Sirt1 promotes autophagy. 90 Thus the interplay among FOXO3a, CBP/p300, and Sirt1, mediated by the FOXO3a IDRs, fine-tunes the function of FOXO3a.
Ubquitination
Degradation of FOXO3a is directly regulated by ubiquitination. It has been reported that IKKb and the RAS-ERK pathways promote MDM2-mediated poly-ubiquitination of FOXO3a, which leads to proteasome-dependent FOXO3a degradation. 32, 74 MDM2 interacts with FOXO3a in vitro and in vivo, and while the FH domain is required for MDM2 binding, the ubiquitination sites have not been identified. 91 Skp2-mediated FOXO3a ubiquitination and proteasomal degradation is promoted by deacetylation of FOXO3 by Sirt1 or Sirt2. 92 Monoubiquitination, but not poly-ubquitination, is reversible, and the deubiquitination is catalyzed by Herpesvirus-associated ubiquitin-specific protease (HAUSP), which is important for stress responses.
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Other modifications FOXO3a is also subject to other PTMs, including methylation 94 and glycosylation, i.e., O-linked b-N-acetylglucosamine (O-GlcNAc) modification. 95 Methylation of Lys 271 by Set9 decreases the stability of FoxO3a, but moderately increases its transcriptional activity, which represents another fine-tuning mechanism. FOXO1 has been shown to be modified by addition of O-GlcNAc, which is proposed to lead to increased expression 
Protein-Protein Interactions
FOXO3a engages in a variety of physical interactions with other proteins under physiological and pathological conditions. As a transcription factor, FOXO3a interacts with coactivators and general transcription factors to up-or down-regulate gene transcription. The FOXO3a FH domain can interact with the DNA-binding domains of other transcription factors, such as Smad and RUNX3 that bind to adjacent sites on DNA, thus enabling FOXO3a to function synergistically with these other transcription factors, dramatically enhancing the response to stimuli (Fig. 3A) . 97, 98 Additionally, FOXO3a performs many transcriptional independent functions through cross-talk with other proteins. 99 The IDRs of FOXO3a, particularly the conserved regions CR1-CR3, mediate these functionally important interactions. IDRs lack stable 3-dimensional structures, but rapidly sample a wide range of conformations. 100 IDRs often fold into ordered states upon interacting with partners, and their ability to adopt different conformations enables interactions with multiple proteins. 101 The coupled folding and binding of IDRs can be described by 2 mechanisms: induced fit and conformational selection. [102] [103] [104] [105] In addition to mediating promiscuous interactions, IDRs can confer high-specificity, low-affinity, rapid reversibility, and multi-valency to protein-protein interactions. [106] [107] [108] Thus the presence of IDRs in FOXO3a greatly enhances its capability of binding to other proteins, and several FOXO3a-mediated interactions are discussed below.
FOXO3a-CBP/p300 interaction CBP/p300 contain several conserved domains, namely the TAZ1, TAZ2, KIX, NCBD, Bromo, and HAT domains. 109, 110 CBP/p300 serves as a transcriptional coactivator for many important transcription factors, including p53, 111 E2A, 112 and FOXO3a, 48, 110 and also acts as a histone acetyltransferase to remodel chromatin thereby rendering genes accessible for transcription. The interaction between CBP/p300 and FOXO3a is promiscuous and multi-valent, involving several domains and regions on both proteins. The binding between FOXO3a CR1 and the C-terminus of CBP/p300 mediates acetylation of FOXO3a by CBP/p300, whereas phosphorylation of T32, within the CR1 region, abolishes the binding and acetylation (Fig. 3B) . 80 However, this association does not lead to transcriptional activation, which is mediated by the C-terminal IDRs of FOXO3a. Our recent studies found that in addition to the previously known transactivation domain CR3, another IDR, CR2C also contributes to the transactivation, 48 FOXO3a CR2C and CR3 both contain "fXXff" motifs that interact simultaneously with the KIX domain of CBP/p300 at 2 binding sites designated the "MLL-binding" and "c-Myb-binding" sites (Fig. 3C ). An engineered CR2C-CR3 fusion peptide in complex with KIX exists in equilibrium between 2 equally populated conformational states. We determined the solution structures of these 2 states: In one state CR2C bound to the MLL site and CR3 bound to the c-Myb site, whereas in the other, CR2C and CR3 bound the c-Myb and MLL sites, respectively (Fig. 2) . These are the first structures revealing the bound state of FOXO3a IDRs. Further, we observed that CR2C and CR3 also interact with the TAZ1/2 domains, and that AMPK phosphorylation of S626 in CR3 can enhance these interactions. Luciferase assays demonstrated that all of these interactions contribute to productive gene transactivation, indicating that a synergistic effect can be generated through multi-valent binding. The theoretical K d value for the interaction between full-length FOXO3a and CBP/p300 proteins should be the product of the K d values for each individual interaction between domains. This phenomenon is critical to the formation of a promoter-anchored transcriptional complex by promoting productive FOXO3a-dependent coactivator recruitment, and is equally important for rapid disassembly of the complex. 
FOXO3a-p53 interaction
The tumor suppresser p53 induces apoptosis, cell senescence, or transient cell-cycle arrest, and is regarded as the guardian of the genome. 113 Mutations in p53 occur in >50% of human cancers, and the mutational status of p53 is prognostic in many malignancies. 114 FOXO3a has been shown to promote the translocation of p53 to the cytoplasm, thereby inducing the mitochondria-associated apoptotic pathway. 115 We demonstrated a direct interaction between p53 and FOXO3a, 41 mediated by the DNA-binding domain (DBD) of p53 and the FH domain and the CR3 region of FOXO3a. Interestingly the FH-CR3 linker also seems to contribute to the full binding activity (Fig. 3D) . By NMR titration, we showed that FH or CR3 alone can bind to p53, exhibiting low millimolar or low micromolar K d values, respectively. Our data further revealed that within the FOXO3a molecule, the FH and CR3 domains engage in an intramolecular interaction, which can be disrupted by the binding of p53. These results shed light on a complex interplay between the FOXO3a FH and CR3 domains and p53, which contributed to a better understanding of FOXO3a's function in critical cellular processes.
FOXO3a-nuclear hormone receptor interaction
The nuclear hormone receptors (NHRs) are ligand-inducible transcription factors that regulate cell growth, differentiation, metabolism, and reproduction. 116 FOXO3a interacts with many NHRs and regulates their function in different manners. The recognition of the LXXLL motif of co-factors, including coactivators, co-repressors, and other transcription factors, is essential for the function of NHRs. 117 The CR2C region of FOXO3a contains one such LXXLL motif, which may be involved in interactions with many NHRs. 99 The association of FOXO3a with NHRs alters the transcriptional activity of both proteins. For instance, Cornforth et al. observed that FOXO3a interacts with androgen receptor in prostate cancer LNCaP cells, which increases transcription of the anti-apoptotic gene FLIP through the combined effects of both androgens and FOXO3a. 118 In contrast, previous studies in prostate cancer cells showed that activated androgen receptor blocked FOXO's ability to bind DNA, thus reducing its transcriptional activity. 119 Recently, Estrogen receptors a and b were shown to interact with FOXO3a and increase FOXO3a-dependent transcription. 120, 121 These interactions between NHRs and FOXO3a link steroid hormone signaling and insulin signaling in oncogenesis.
FOXO3a-b-catenin interaction
Wnt signaling activates b-Catenin and triggers its nuclear localization, where activated b-Catenin functions as the transcriptional coactivator of the T cell factor (TCF) transcription factors.
122 FOXO3a sequesters b-Catenin from TCF binding, and thereby serves as a transcriptional repressor of TCF, abolishing its transactivation function in a manner that is independent of DNA-binding. 123, 124 It has been demonstrated that the FH domain and the C-terminal IDRs of FOXO3a and the first 8 Armadillo domains of b-Catenin are sufficient for full binding (Fig. 3D) , while the FH domain is not necessary for transcription inhibition. 123 This suggested that both the structured FH domain and the IDRs of FOXO3a contact b-Catenin, but it is the IDRs that execute the major inhibitory function. FOXO3a-b-catenin interaction confers resistance to PI3K and AKT inhibitors and promotes metastasis in colon cancer.
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FOXO3a-ATM interaction Ataxia telangiectasia mutated (ATM) is a Serine/Threonine protein kinase that normally resides in an inactive state, but becomes activated in response to DNA double-strand breaks, and phosphorylates downstream effectors, including p53 and Chk1/2.
126 FOXO3a not only activates ATM expression, 127 but during the DNA repair process FOXO3a directly binds the FAT domain of ATM. 128 Similar to FOXO3a-p53 interaction, both FH and CR3 make direct interactions with ATM (Fig. 3D) . This interaction promotes ATM auto-phosphorylation at S1981, which is required for activation of its kinase activity. Knockdown of FOXO3a resulted in a failure to activate ATM and DNA repair mechanisms in response to DNA damage.
FOXO3a in Cancer Therapy
Alterations of FOXO3a function is implicated in the progression of several types of cancers, fibrosis and other diseases. 129 Importantly, FOXO transcription factors may serve as putative biomarkers and therapeutic targets for specific cancers. Several cancer chemotherapy drugs activate FOXO3a, and indirect activation of FOXO3a as a therapeutic strategy has been reviewed extensively in a special issue of Current Drug Targets. 130 On the other hand, although FOXO3a usually exhibits properties of a tumor suppressor, it also serves a potential protective role by maintaining cellular homeostasis. FOXO3a can protect cancer stem cells from anti-cancer drug-induced apoptosis. For example, FOXO3a interaction with b-catenin and cross-talk with TGF-b induce FOXO3a-dependent drug resistance. 38, 125 Thus direct inhibition of FOXO3a in combination with other therapies may be beneficial to certain patients. However, the DNA-binding FH domain, which is the only structured region of FOXO3a, has proven very difficult to target with small molecule inhibitors. 131 Interactions between transcription factors and DNA are considered challenging targets because binding is usually very tight (K d in low nanomolar range) and involves very large interface. However, targeting the IDRs of transcription factors is proving to be a viable alternative. 132, 133 Considering that IDRs comprise 75% of the FOXO3a sequence, it seems likely that targeting these IDRs may be the key to successful discovery of FOXO3a inhibitors. Biochemical and structural investigations of the IDRs of FOXO3a have shed light on the structure-function relationships of these regions, paving the way for structure-based drug discovery.
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Summary and Perspective
The high abundance of IDRs in FOXO proteins (Fig. 1) is preserved in different species through evolution, suggesting these regions are functionally important. This structural property seems to be evolutionarily conserved in all other members of the Fox protein subfamilies as well. PTM sites located in these IDRs, provide high-level and fine-tuned functional regulation. Recent studies have focused on the IDRs of FOXO3a, with particular attention to the PTM sites, most of which are conserved in all FOXO proteins. This review summarizes the most significant current observations and findings about these IDRs. Many studies have also elucidated the functions of PTMs in other Fox proteins, such as FOXA1 and FOXM1. 58 Additionally, although conservation of sequence has not been preserved during evolution, some functions of the IDRs of Fox proteins have been preserved. For example, both TADs of FOXA1 and FOXO1 can interaction with Histones and open up chromatin, 134 which suggests that IDRs of other Fox transcription factors may execute this function in the same manner. Thus, it is a common property of Fox transcription factors that they receive cellular signals and subsequently respond to execute functions through their IDRs.
Atomic resolution structures of FOXO3a IDRs are currently limited to short peptide regions of TADs bound to interacting partners. More efforts are required to continue to elucidate structures of these complexes in order to reveal the mechanisms of the unfolded-to-folded transitions of these IDRs upon target binding, and to explore the structural diversity sampled by each FOXO3a IDR when bound to different target proteins. Furthermore, the linker or spacer regions, which exhibit little conservation of primary sequence, have been largely overlooked. Akin to the TADs found in FOXO3a, multiple TADs of other Fox transcription factors are sparsely distributed within a long stretches of the IDRs. Our studies of the FOXO3a-CBP/p300 interaction indicated that long linker regions enhance binding by increasing the capture radius. 48 This structural advantage may also apply to other Fox members that have similar, sparsely-distributed TAD architecture within IDR-rich regions. The detailed functional mechanisms of these IDRs, especially within the high-protein concentration environment of the living cell, are not well understood. Computational modeling and bioinformatics studies may shed light on these mechanisms, and experimental validations will be essential.
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